Sum frequency vibrational spectroscopy was used to study the protonated R-plane (1102 ) sapphire surface. The OH stretch vibrational spectra show that the surface is terminated with three hydroxyl moieties, two from AlOH 2 and one from Al 2 OH functional groups. The observed polarization dependence allows determination of the orientations of the three OH species. The results suggest that the protonated sapphire (1102 ) surface differs from an ideal stoichimetric termination in a manner consistent with previous X-ray surface diffraction (crystal truncation rod) studies. However, in order to best explain the observed hydrogenbonding arrangement, surface oxygen spacing determined from the X-ray diffraction study requires modification.
types of hydroxyls on the surface as predicted by the CTR missing-layer model and the fully terminated model from X-ray reflectivity. However, the stretch frequencies and orientations of the these hydroxyls are not consistent with the latter, leaving the missing-layer structure as the only plausible one for the -Al 2 O 3 (1102 ) surface we have investigated. This surface structure can serve as a base for future investigation of how the Al 2 O 3 (1102 ) surface reacts in aqueous solutions to pH changes and surface complexation.
Theoretical background
The basic theory of SFVS for surface studies has been described elsewhere. [35] [36] [37] Here, we present only the key points needed for data analysis. The SF signal generated by overlapping incoming beams of frequencies  vis and  ir at a surface in the reflected direction is given by 3  at the interface. The surface nonlinear susceptibility (2)   can be approximated by (2) 
, ( )
with the nonresonant contribution denoted by ( (5) It is possible to determine the parameters characterizing the resonances by fitting the measured ( 2) 2 | | eff  spectrum with proper input/output polarization combinations using Eqs. (1) (2) (3) . However, the fitting may not be unique unless the resonant frequencies and the signs of q A  are pre-chosen. The latter often requires a phase measurement on the SF output such that the Im (2)  spectrum can be obtained to directly characterize the resonances. [36] [37] [38] [39] [40] For discrete resonances, Im (2)  has the expression
Experimental
We measured SF vibrational spectra of the air/sapphire (1102 ) interface in the OH stretch region. Our SFVS setup has been described elsewhere. 39, 40 Briefly, we overlapped two input beams, one fixed at visible wavelength 532 nm and the other tunable in the infrared between 2.6 and 3.7m, with typical energies of ~500 J/pulse and ~100 J/pulse, respectively, in a spot of 180x300 m 2 on the sample surface. The pulses had a width of ~20 ps and were incident on the sample at angles of  vis =45 o and  IR =57 o from the air side. We detected the SF signal in the reflection direction, which was spatially and spectrally filtered and then collected by a gated detector system. Each data point was obtained from averaging over 200 laser shots, and was normalized against that from a z-cut quartz plate. We also carried out phase measurement of SFVS using the interference scheme described in Ref. [41, 42] .
The sample used was an epi-polished single crystal of -Al 2 O 3 (1102 ) purchased from Princeton Scientific Corporation. The sample was 5 mm thick, and the root-mean-square roughness of the polished surfaces measured by atomic force microscopy (AFM) was less than 0.1 nm. (see Supporting Information for the AFM image) Sample preparation followed the recipe of Ref. [15, 43, 44] . The sample surface was first cleaned in a sonication bath of acetone, methanol, and pure water for 10, 10, and 60min, respectively, in sequence. It was then mildly etched in a 10~15mM solution of HNO 3 under sonication for 30min, rinsed thoroughly with deionized water, and blow-dried by filtered nitrogen gas. To remove the remaining water and organic contaminates on the surface, the sample was heated at ~350 o C for 1 hour. After cooling down to room temperature in nitrogen atmosphere, the sample was mounted in a sealed Teflon cell for measurement.
Result & Discussion
In the experiment, we first made sure that the cleaned sample surface had all unwanted adsorbates removed.
We compare in Fig. 2 the SSP (denoting S-, S-, P-polarized SF output, visible and infrared inputs, respectively) SF vibrational spectra of the air/-Al 2 O 3 (1102 ) interface before and after the sample was baked at ~350 o C for 1 hour. The spectrum before baking exhibits residual signal in the CH stretch region from organic contaminants on the surface, and the spectrum after baking does not. The spectrum in the O-H stretch region decreases but displays more pronounced features after baking, suggesting that physically adsorbed water molecules had also been removed. The AFM image of the baked sample shows that the surface was crystalline to the unit cell level. The spectrum was not observed to change, even after remaining 24 hours in a nitrogen-filled cell, but if it was left in air for ~24 hours, the spectrum would return to that before baking. We discuss here SF spectroscopic results on the baked sample. Fig. 3 are the SF vibrational spectra of the sapphire (1102 ) surface after heating with three different input/output polarization combinations: SSP, SPS, and SSS. All spectra can be fitted using Eqs. (1) (2) (3) with three discrete resonant modes having resonant frequencies ( q  ) at 3365, 3520, and 3670 cm -1 , respective bandwidths ( q  ) of 70, 90, and 120 cm -1 , and amplitudes ( q A ) of positive sign that corresponds to OH pointing to the vapor side. The sign of q A was determined by making phase measurements at several frequencies of the SF output. 39, 45 As shown in Fig. 4 , the positive q A led to all positive SSP (2) Im   spectra for all three different azimuthal orientations. We plot in Figs We consider first the three models of -Al 2 O 3 (1102 ) described in the introduction section. The ideal bulkterminated model ( Fig. 1b ) has the surface oxygen bonded to three underlying Al atoms. It appears unlikely that H would bind on Al 3 O to form Al 3 OH if we evaluate this oxygen's bond valence (to be described below).
Shown in
Even if this bonding did occur, the single surface OH species is not consistent with observation of three OH stretch modes in the SFVS spectra of Fig. 3 . Therefore, the ideal bulk-terminated model must be ruled out.
The model ( Fig. 1c ) proposed by the X-ray reflectivity study 33 is also found to be inconsistent with our sample surface as it would have only two different OH species from AlOH 2 while adsorption of H to form As mentioned in Sec. 1 and sketched in Fig. 1a , the CTR model for -Al 2 O 3 (1102 ) shows three different surface oxygen species with equal numbers bonded to 1Al, 2Al, and 3Al, respectively. 16 The proton affinity of these terminating oxygens can be estimated by their bond valence values. The latter can be deduced from the CTR result, and permit assignment of possible hydroxyl species on the surface. Oxygen in the topmost layer is bonded to a single Al, and has a bond valence of 0.3. 16 The ideal sum of all bond valences on an oxygen should equal to its valence state of 2, and hence this oxygen is clearly underbonded. 49 Oxygen in the second layer is bonded to two Al atoms and has a bond valence of 1.2, 16 which still allows one proton chemically bound to it but also hydrogen-bonded to another neighboring O. Finally, oxygen in the third layer with bonding to three Al atoms has a bond valence of 1.6, 16 and is not likely to be protonated, although it is still possible to receive a proton via hydrogen bonding, i.e. act as a hydrogen bond acceptor, with a neighboring hydroxyl. These bond valence values for oxygen at the -Al To confirm the above assignment, we need to obtain the orientations of the three OH species and show that they agree with those predicted from the appropriate surface structural model of the Al 2 O 3 (1102 ). The OH orientations can be deduced from the polarization dependence of the OH stretch modes in the SF spectra.
According to the CTR (or bulk-terminated) model in Fig. 1a , the surface structure of Al 2 O 3 (1102 ) has a ( 1 120) glide plane, hence hydroxyls on the oxygen chains along this glide plane exiting the surface form pairs consistent with the glide symmetry. Since the glide plane yields the same symmetry relations for surface optical nonlinearity as a mirror plane, the Al 2 O 3 (1102 ) surface should exhibit C 1v structural symmetry in SFVS. Figure 3 shows the measured SSP, SPS, and SSS spectra for  = 0, 90 o and 180 o , where  is the azimuthal angle between the incidence plane and the direction [1 10 1 ] in the glide plane ( 1 120) . Using Eqs.
(1-3) to fit the spectra, we can deduce the strength q A of the three OH modes in each spectrum. We have measured the SSP spectra for a number of different , and the deduced (SSP) away from the surface normal, and the forward-backward asymmetry in Fig. 5b indicates that the OH's have a backward tilt. For the mode at 3365 cm -1 , the weak SSP signal and the plot in Fig. 5a suggests that the OH's incline more toward the surface and away from the glide plane with a slight forward tilt.
Quantitative analysis of the OH spectra, following the procedure described in the literature, 51 (5) can then be used to find the orientations of the three OH species specified by the polar angle  0 with respect to the surface normal and the azimuthal angle  0 with respect to the forward direction along the glide plane. (See Fig. 6 ), assuming the orientational distribution function in Eq.(4) is a δfunction in  0 and  0 . The fit also yields the polarizability ratio (2) ( for the 3365cm -1 mode.
We expect that the proper protonated surface structure of -Al 57, 58 We show below that under such criteria, the missing-layer surface structure (Fig. 1a ) of -Al 2 O 3 (1102 )
derived from the CTR model, 16 although qualitatively correct with the proper C 1v symmetry, still needs modification in its structural dimensions,
We first focus on the AlOH 2 groups. In Fig. 7 , we show two neighboring rows of O in the top surface layer of the CTR model structure 16 Fig. 7 . For a given separation between the two oxygen rows, if either   oris specified, the orientations of two hydroxyls of AlOH 2 are completely determined from the required condition that the structure is periodic. If we take the OH bond length to be 0.95 Å and the angle between two neighboring tetrahedral bonds to be109.5 o , 58, 59 we can find, for given andor  or , the bent angle of OH---O, the H---O distance d, and the angular deviation  of the oxygen LP orbital from O---H (d and  are described in the inset of Fig. 7 ). As we mentioned earlier, significant H-bonding of O---H must satisfy the condition  > ~150 o ,  < ~38 o , and d ~ 1.5 to 2.1 Å. Therefore, for a given , we can vary and calculate , , and d to see the range of  the condition of significant H-bonding for H of AlOH 2 to be bonded to the neighboring O. We first test out the CTR missing-layer model structure with  = 0.29 Å. 16 We find that the maximum  appears at Fig. 8(a) , we show the calculated  max and the corresponding  and d as functions of There are no references in the literature that allow us to directly evaluate the H-bonding strength with given   and d.
However, a recent simulation study provides, for given and d, the H-bonding probability, P(d) , obtained after integration over all values of . 55, 56 We know that H-bonding probability, P(d,), should decrease with increase of  from zero, and simply assume that it is proportional to
where  is the half width of the oxygen LP orbital. We can then plot in the same frame of Fig. 8a we obtain ±cm -1 , which is in fair agreement with the observed   ~ 200cm -1 , considering that the rule may have overestimated the shift for appreciably different from 180 o . We note that this optimized  value of 1.1 Å is closer to the value of 0.95 Å in the bulk structure and considerably larger than the value of 0.29 Å from the CTR model 16 .
We can also emphasize instead the importance of minimizing  for H-bonding. In doing this, we obtain, The bonded OH mode at 3365 cm -1 associated with Al 2 OH also cannot be explained by the CTR model.
We need to adjust the separation between the second and third oxygen surface layers. We follow the same approach described above. In this case, if the layer separation h between the second and third surface layers is fixed, the orientations for the OH's (specified by  0 and  0 ) are completely determined, and the set of values for , d, and  can be calculated. We plot, in Fig. 9 spacing, h, deduced here is ~0.55 Å less than that of the bulk structure and ~0.3 Å smaller than that of the CTR model 16 .
The discrepancy in the surface structural parameters deduced by us and by the CTR work 16 may come from different sample preparation procedures. For the CTR measurement, the sample was first mildly etched in 0.01M HNO 3 solution, followed by multiple rinses with Milli-Q water and heating to ~350 o C in air. After the sample was cooled down to room temperature, it was extensively washed with Milli-Q water and blown dry by an Ar jet. It was then annealed at ~900 o C for 1 hour in 1x10 -6 Torr O 2 followed by Ar ion sputtering for 30 min. Afterwards, the sample was further annealed at ~750 o C in 2x10 -6 Torr O 2 for 1 hour and at ~1000 o C for 1 hour. The CTR measurements were then carried out on the sample in UHV after it was dosed with water.
Increasing water gas pressure from 1x10 -8 to 1.6 Torr was used for dosing, but no difference was found in the CTR result. Comparing the sample preparation procedure described above with the one we used, one may suspect that the high-temperature annealing and Ar ion sputtering could have stabilized the surface structure of Al 2 O 3 (1102 ) so that it was not easily protonated with water dosing. An earlier study had indicated that the -Al 2 O 3 (0001) surface may not be fully hydrated under water pressure <1 Torr. 60 It is thus possible that the sample surface measured in the CTR work is in some way structurally different from ours.
Conclusion
We have used SFVS to study the protonated surface structure of -Al 2 O 3 (1102 ) in air by probing the OH stretch vibrational modes at the surface. The spectra exhibit C 1v symmetry expected from the crystalline bulk structure. Three distinct OH species are detected: one dangling OH and two H-bonded. Their orientations, deduced from spectral dependences on input/output polarizations and sample orientation, allow us to check which of several possible surface structure models is reasonable. We find that the presence of three OH Our study shows that SFVS can provide complementary information to X-ray measurements of the surface structures of metal oxides and lead to a more complete characterization of such surfaces. It also sets up a useful basis for further investigation of water/metal oxide interface structures, which are important in many disciplines. As the next step in extending this approach, we are in the process of studying aqueous-solution/-Al 2 O 3 (1102 ) interfaces using different pH conditions. By comparing both the dry and fully wet-equilibrated surfaces, we expect to obtain a molecular-structure explanation consistent with the observed interfacial acidbase properties. 
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